• an ester (methyl or ethyl ester, depending on the involved reagents), usable as a fuel for compressionignition engines and having a viscosity similar to (or slightly greater than) diesel oil, commonly called "biodiesel" for this reason;
• glycerol (or glycerin), denser than the previous substance and therefore easily separable by sedimentation.
When biodiesel burns in compression-ignition engines, it produces pollutants that are less harmful to human health (Lin and Lin, 2006; Mamat et al., 2009) and to the environment than traditional diesel oil (particularly referring to particulates and carbon dioxide). Moreover, the engine thermal efficiency does not change and can even improve slightly (Murillo et al., 2007; Raheman and Ghadge, 2007; Szybist et al., 2007; Haşimoğlu et al., 2008; Nabi et al., 2009; Qi et al., 2009; Ryu, 2010; Aybek et al., 2011) ; however, engine power is reduced (Özkan et al., 2005; Nabi et al., 2009; Qi et al., 2009; Altun, 2011) due to biodiesel lower calorific value and higher viscosity (Szybist et al., 2007; Haşimoğlu et al., 2008) . In fact, the viscosity of biodiesel is extremely high at 25 °C, reaching up to 1.6 times the diesel oil viscosity up to 40 °C (Tesfa et al., 2010) . In particular, the higher viscosity is responsible for the considerable alterations in the engine fuelling because it causes higher fuel pump head losses and hence lower fuel flow rates and a worse pulverization of the injected fuel, evident from the lower Sauter mean diameter of the fuel drops (Tesfa et al., 2010) . Technically speaking, all these effects result in longer delays in fuel ignition (Xue et al., 2011) and change the heat release rate curve, the pressure curve, and the exhaust gas temperature (Utlu and Koçak, 2008; Aydin and Bayindir, 2010; Xue et al., 2011) . As a consequence, the brake specific fuel consumption (BSFC) increases (Ramadhas et al., 2004 (Ramadhas et al., , 2005 Özkan et al., 2005; Haşimoğlu et al., 2008; Altun, 2011) , though the smokiness lowers to 50% (Utlu and Koçak, 2008; Qi et al., 2009; Pal et al., 2010; Xue et al., 2011) due to the increased availability of oxygen in the biodiesel, which promotes the combustion process and soot oxidation (Qi et al., 2009; Xue et al., 2011) . From a technical point of view, the modifications to engines to be powered by biodiesel are minimal if not absent (Meher et al., 2006; Fazal et al., 2011) . However, because biodiesel has an oxidant potential greater than that of diesel oil, it can potentially cause greater corrosion (Sgroi et al., 2005; Tsuchiya et al., 2006; Jain and Sharma, 2010b) , although the engine wear is similar to that observed when using traditional diesel oil (Dorado, 2003; Khan et al., 2009) . Finally, it has solvency properties for several types of polymeric materials, which means it can cause structural degradation (Gonzales Prieto et al., 2008; Trakarnpruk and Porntangjitlikit, 2008; Haseeb et al., 2010) .
Regarding the durability of engines fuelled with biodiesel/diesel-oil blends, there have been studies (Fosseen Manufacturing & Development, 1995; Ortech Corporation, 1995; Graboski and McCormick, 1998; McCormick et al., 2005; Rojas, 2008) where several problems have occurred (injector coking, filter plugging, piston-ring sticking, and engine deposits) when poor blends were used (B20, with 20% biodiesel); however, in other durability field tests, no particular problems occurred apart from filter plugging and injector coking, and engine wear was standard (Chase et al., 2000; Kearney and Benton, 2002; Proc et al., 2006) . In these cases, B20, B50, and B100 blends were used.
The aim of this study was to perform an 800-h durability field test on a compression-ignition engine normally used in a medium to high-powered agricultural tractor (118 kW), fuelled by pure biodiesel (B100). The general conditions of the engine during the test were verified indirectly by monitoring its performance over time. Power, torque, and BSFC curves were periodically measured via an engine test stand comparing to corresponding curves of a new engine. Other direct verifications were performed: the chemical composition of the lubricating oil was analyzed at stated time intervals and before every change, and the surface conditions of the many mechanical components of the engine were checked at the end of the durability test and after the engine was completely disassembled.
Materials and methods
The experiment was performed on an engine with the characteristics reported in Table 1 and included many tests depending on the elapsed time:
• At the beginning of the experimental activities (1st phase), the performance curves (power, torque, and BSFC) and the smokiness of the same engine alternatively fuelled with diesel oil and with biodiesel were recorded; the equipment included a hydraulic mobile test (Table 2) attached to the power take-off (PTO) of the tractor; a power output extremely close to the power effectively available to the tires was therefore recorded (unlike the SAE protocols prescriptions used by the engine manufacturers to indicate nominal power; according to these protocols the engine is isolated from the rest of the vehicle and without most of the auxiliaries); the fuel pump rack was fully opened in both cases, i.e. the tests began from maximum engine speed and with an increasing brake force to obtain the part-load and full-load curves at a rated engine speed; the BSFC was measured using a chrono-gravimetric method, and the smoke index was measured using a Bosch diesel smoke meter (Table 2) .
• During the course of the experiment (2nd phase), the performance of the engine was checked at regular intervals using the same dynamometer and with the same test protocol (fully opened fuel pump rack and dynamometer connected at the PTO); samples of the lubricant (1 L per sampling) were also taken to be analyzed in laboratory.
• At the end of the experiment (3rd phase), the engine was completely disassembled to check the condition of the different mechanical parts.
The biodiesel used during the test was a commercial pure fatty acid methyl-ester (FAME) with a lower heating value of 36.0 MJ kg -1
. Its physical-chemical parameters met the requirements of the main EU standard concerning biodiesel fuel for automotive traction (EN 14214:2008 ;  Table 3 ). Figure 1 shows the performance curves of the engine at the beginning of its operative life, fuelled with diesel oil and then with biodiesel. Figure 2 reports the Bosch smoke index of the exhaust gases at different engine speeds and with the fuel pump rack fully opened, i.e. beginning from the speed corresponding to the maximum power output (2200 rpm), and recorded simultaneously with the performance curves of the engine fuelled with diesel oil and then with biodiesel. Figure 3 shows the performance of the same engine fuelled with B100 and recorded after 4, 50, and 180 h of functioning, i.e. at the beginning of its life and after 2 complete substitutions of the lubricant. Figure 4 shows the engine characteristic curves after 4, 630, and 780 h of operation. The relevant values of the engine characteristic curves recorded over the entire observation period of 780 h are shown in Table 4 .
Results
The observation period ended after 780 h of engine operation with pure biodiesel, and during this period, the farm tractor was used in typical operations of an agrozootechnical farm (therefore it underwent various operating modes); the objective of this was to reflect normal use of such a tractor and to estimate a realistic lubricant change interval without using a standard cycle (normally used only for homologating a motor with respect to current norms). Nominal engine speed rpm 2200 • Manually operated through a hand-wheel acting on a valve which increases the counter pressure on a volumetric pump driven by the tractor PTO (operative fluid: oil); hence, the breaking load on the tractor • Equipped with an internal water-oil radiator for cooling (requires a temporary connection with the water mains)
• Provided with a pressure-power (kPa-kW) calculator • Functioning principle: photoelectric measurement of the light reflected by a blackened filter paper Finally, Tables 5 and 6 report the physical-chemical characteristics of the lubricant used during the experimentation (SAE 15W-40 multi-grade engine oil) from before use and after the indicated periods (samples taken from the oil sump).
Discussion

Beginning of the experiment: comparative tests between diesel oil and biodiesel in a new engine
By observing the curves represented in Figure 1 , it is evident that there was a reduction in power (the maximum value dropped from 97 to 88 kW at 2200 rpm: -9%) and in engine torque (the maximum value dropped from 525 to 491 Nm at 1400 rpm: -7%) when fuelled with biodiesel; the crankshaft speeds corresponding to the maximums are the same with diesel oil and biodiesel. There was also an increase in the BSFC of 16%, from 276 to 320 g (kW h) -1 , at an engine speed corresponding to maximum power, or 13%, if comparing the minimum values (from 249 to 282 g (kW h) -1 at 1520 and 1400 rpm, respectively). The reason for the decreases in power and torque was the lower calorific value of biodiesel (National Biodiesel Board, 2005; CTI -Comitato Termotecnico Italiano, 2013) . The increase in BSFC (Utlu and Koçak, 2008; Aydin and Bayindir, 2010) is the result of both the different lower calorific value of biodiesel (hence, of the engine power) and of biodiesel reduced inclination to evaporate compared to diesel oil (Szybist et al., 2007; Haşimoğlu et al., 2008) , which is also the cause behind the longer delays in fuel ignition and the changes in the heat release rate and pressure curves (Xue et al., 2011) . Figure 2 shows that a biodiesel-fuelled engine has a smokiness that is approximately half of the diesel-oilfuelled engine throughout its entire operative range, due to the higher oxygen content of biodiesel (Murillo et al., 2007) .
Course of the experiment: field tests on the engine fuelled with pure biodiesel only
In regards to the first operative period of the engine (4, 50, and 180 h; Figure 3 ), the measures showed slight increases in all the performance parameters throughout the engine operative range (particularly at 1550-2250 rpm), primarily due to a change in the environmental temperature that occurred in the period corresponding to reaching 50 and 180 h of operation for the engine (from winter to summer). The recorded temperature increase was approximately 30-35 °C and had important repercussions on the biodiesel viscosity (Kerschbaum and Rinke, 2004; Bhale et al., 2009; Tesfa et al., 2010) and hence on the pulverization capability of the injection system on the biodiesel (Tesfa et al., 2010) . More detail as follows:
• The maximum value of the power increased from 89 to 93 and 96 kW corresponding to +4% and +8% at engine speeds between 2070 and 2170 rpm, respectively.
• The maximum value of the torque increased from 488 to 499 and 508 Nm corresponding to +2% and +4% at a maximum torque engine speed shifting from 1410 to 1510 and 1620 rpm, respectively.
• The minimum BSFC decreased from 274 to 272 and 263 g (kW h) -1 (-4%), with the corresponding engine speed unchanged (1370 rpm). Figure 4 shows the performance curves recorded at 630 and 780 h compared with the curve at 4 h; based on the graph and the values in Table 4 , if the performance of the engine at 4 h is used as a reference, the following can be observed:
• A substantial constancy of engine power (differences are within -2% for the maximum power, respectively 89, 88, and 89 kW at 2170-2210 rpm).
• A slight increase in maximum torque (from 488 Nm at 4 h to 497 and 508 Nm at 630 and 780 h, so +2% and +4%, respectively).
• A significant consistency in the BSFC throughout the entire engine operative range (percentage differences with opposite signs at the inquired engine speeds were between -3% and +3%) with the minimum value substantially unchanged (from 275 to 273 and 267 g (kW h) -1 , -1% and -3%, respectively, at 1400-1440 rpm).
The tests performed at 630 and particularly at 780 h were performed at the end of the experiment, i.e. after an entire solar year with an ambient temperature extremely close to the temperature that occurred during the first test at 4 h (it was winter in both of these periods). This fact is responsible for the similitude of the biodiesel viscosity and the pulverization obtained by the injection system (Tesfa et al., 2010) and therefore of the substantial equality of the recorded engine performances. This is also the reason behind the worsened performances at 630 and 780 h compared with the performances obtained during the summer period (maximum power -5%, from 93 to 88 and 89 kW; BSFC +7%, from 300 to 320 and 321 g (kW h)
). Finally, from the values of Table 4 and by observing that the engine curve at 780 h is superimposed on the 4-h curve, we determined that the engine performances were substantially stable over time; therefore, a prolonged usage of biodiesel did not lead to significant changes in engine parameters.
Course of the experiment: periodic analyses of the engine lubricant
Observing the values reported in Tables 5 and 6 , the following can be affirmed: • With respect to the new lubricant, a clear reduction in viscosity was found in all samples, contrary to what is normally observed with diesel oil; this phenomenon can be ascribed to the dilution of the lubricant operated by the biodiesel (the higher viscosity and consequent worse pulverization of this fuel resulted in more droplets arriving on the combustion chamber walls, where they are intercepted by the oil-scraper piston ring).
• The total and deposit-forming sludge and the lacquerlike coatings, which give an indication of the thermaloxidative degradation of the lubricant, did not increase excessively, apart from the sample taken at 440 h; however, the engine manufacturer considers up to 4% of total sludge and 0.6%-0.8% of lacquers acceptable, and therefore these values are of no concern.
• The total basicity number (TBN), which expresses the capability of the lubricant to neutralize the acid compounds generated by combustion and lubricant degradation, normally reduces with operation time; this phenomenon was observable in this experiment. TBN values of the used lubricant are considered acceptable if greater than half the value of a new product; therefore, the samples taken at 440 and 630 h of operation have an excessively reduced index value.
• The total acidity number (TAN) provides an indication of the amount of acid products formed as a result of the lubricant degradation and can also be nonzero in new lubricants, as in the present case, due to the presence of additives and acid compounds in the mineral base; a lubricant should be changed when the TAN value exceeds the residual TBN value. In particular, the high TAN value of the 440-h sample together with the high sludge and lacquer values of the same sample indicate a strong degradation of the lubricant.
• The metals subjected to wear (in particular, copper and lead used for the bearings) reached particularly high values in the samples taken at 440 and 630 h. The wear values obtained for lead and copper must be considered a consequence of low viscosity (and of the consequent problem related to the lubricant film formation) and also of an acidic attack to these metals related to high TAN oil values.
• A direct-read ferrographic analysis showed high values of the wear severity index (WSI) for the aforementioned 440-h and 630-h samples, and hence of the wear in the parts in contact with relative motion.
End of the experiment: analysis of the mechanical components of the engine
At the end of the 780-h test, the engine was disassembled and all of its components were carefully analyzed in a specialized laboratory. In particular, from this analysis, the following emerged:
• The valves, cylinders, and pistons were in good condition with regard to carbon deposits; however, the pistons presented a particularly thick lacquer-like coating.
• The rod bearings showed clear, although acceptable, traces of mechanical damage; this phenomenon is likely due to the reduced lubricating characteristics of the lubricant diluted by the biodiesel.
• Several components of the engine presented various types of deposits (sludgy and nonsludgy).
• A notable amount of sludge was present on the base of one of the 2 lubricant filters even though it did not cause any malfunction to the system. During the experiment, other components of the fuel system (water separator and fuel filter) were substituted and analyzed and did not manifest any problem due to the use of biodiesel.
Final comments
To investigate the medium-and long-term effects of pure biodiesel on the operation and on the components of an agricultural tractor, a series of tests were performed over 780 h (characteristic curves recordings, chemical-physical analyses of the lubricant, and visual inspection of engine components).
The use of biodiesel in a compression-ignition engine causes an expectable decrease in the engine performance compared with the same system fuelled by diesel oil (-9% of maximum power and +13% of minimum BSFC) due to the chemical differences in the molecular structure of these 2 fuels.
Notwithstanding this fact, biodiesel proved to be suitable for fuelling this type of engine for an extended period because it does not cause any decrease in performance over time. In fact, after 780 h, the tests showed no reduction in the maximum engine power and even a slight increase in the maximum torque (+3%).
The analyses on the lubricating oil showed a progressive reduction in the lubricant viscosity caused by a dilution operated by biodiesel, likely responsible for the observed increase in the amount of wear particles, lacquers, and sludge after 440 h (evidenced by TAN, TBN, and WSI values).
The complete disassembly of the engine at the end of the experiment allowed the observation that the valves and cylinders were in perfect condition, even if there was slight wear on the crankshaft bearings, some accumulation of lacquer and carbon on the pistons, and large amounts of sludge on different parts; all of these indicators were normal and comparable with a prolonged use of diesel oil in similar engines.
In conclusion, the results from these analyses demonstrated that the use of pure biodiesel as a fuel in a standard engine gives no particular technical problem either to the engine itself or the motor oil as long as the oil is changed every 100 h (during the test it was changed approximately every 200 h of operation, which is the time interval suggested by the tractor manufacturer when the engine is fuelled by diesel oil). The power changes are completely negligible and imperceptible during normal operation of such a tractor. Biodiesel can therefore be an effective substitute for traditional diesel oil. The environmental benefits derived from the use of this fuel, which are well known in the literature, are balanced by the increase in the maintenance costs due to reducing the lubricant substitution time interval by half. Therefore, apart from the technical feasibility, which was evaluated here, the framework emerging from this article is complex and definitely deserves careful evaluation by farmers before they change the fuel in their tractors.
